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ABSTRACT
COVID-19 is now the largest pandemic crisis of this century, with over 16 million registered cases
worldwide. African countries have now begun registering an increasing number of cases, yet, not
many models developed focus in specific African countries. In our study we use a simple SEIR model
to evaluate and predict future scenarios regarding the pandemic crisis in Mozambique. We compare
the effect of different policies on the infection curve and estimate epidemiological parameters such as
the current infection reproduction numberRt and the growth rate g. We have found a low value for
Rt, ranging from 1.11 to 1.48 and a positive growth rate, between g = 0.22 to 0.27. Our simulations
also suggest that a lockdown shows potential for reducing the infection peak height in 28%, on
average, ranging from 20 to 36%.
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1 Introduction
The ongoing Coronavirus disease 2019 (COVID-19) pandemic crisis has now over 16 million registered cases worldwide
and more than 600 thousand deaths, according to the situation report 186 by the World Health Organization (https:
//www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports). COVID-19 is a
respiratory disease caused by the SARS-CoV-2 virus, novel species of the betacoronavirus genus, it shows high affinity
with Angiotensin converting enzyme 2 (ACE2) receptor in human cells [1, 2, 3]. The most probable origin of the virus
was traced back to bat populations by genetic studies [4, 5], with the Pangolin being a probable intermediate host [6].
Nowadays, the disease presents a growing behavior throughout the African continent. With no recent scientific studies
concerning the projection of the pandemic dynamics for Mozambique, local authorities must rely on international
measures in order to control the spreading rate of COVID-19. This study aims at accessing the problem in Mozambique,
estimating important epidemiological factors such as the growth rate g and the current value of the infection reproduction
numberRt. Using a simple SEIR model including the dead compartment, we rely on daily epidemiological information
available by the government (https://covid19.ins.gov.mz/documentos/); concerning the cumulative number
of infections until July 24, cumulative number of recoveries and deaths, to forecast the possible futures the pandemic
might take on the country.
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Mathematical models are now worldwide used for forecasting [7, 8, 9, 10], data analysis [11] and economic impact
[12, 13] regarding the current pandemic crisis. SIR and SEIR models are the most simple and used ones for evaluation
of the outbreak dynamics [14]. Although more complex models are frequently employed and might yield more specific
results; such as models concerning quarantine, asymptomatic and hospitalizations, these models make use of many
unknown parameters, presenting a challenge when trying to copy reality in simulations.
2 Model Description
We apply a modified SEIR model to include deaths as a new compartment. The model relies on the following chain
of events: A susceptible individual from a population N of constant size is exposed to the virus, joining the exposed
group, in which the person does not show symptoms of the disease yet, after some time (incubation period) this exposed
person joins the infected group, where the symptoms onset. From this stage the patient either recovers or dies.
The model treats of populations, therefore these transitions between groups are given by rates of changes in a specific
population. Susceptible individuals, denoted by S, become infected through contact with infected (I) or exposed (E)
individuals at a rate proportional to the density of infected and exposed [(1− Pexp)βI + PexpβE]/N , where Pexp is
the percentage of infections caused by the exposed population and β is the infection rate. The exposed population
declines as patients become infected by a rate c proportional to the inversion of the incubation period c = 1/τ , with τ
being the incubation period. Once inside the infected population, patients now transit to recovered (R) or dead (D)
groups through constant rates γ and µ respectively. These rates are proportional to the infection fatality rate (IFR) and
the average time taken from symptoms onset to recovery τr and the average time taken from symptoms onset to death
τd (Figure 1).
Susceptible Exposed Infected
Dead
Recovered
μI
γI
cE(1-Pexp)ββI + PexpβE______     ____
N               N
Figure 1: Representation of the SEIRD model described above.
The dynamics described by these populations is mathematically represented by the following set of differential equations
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dS
dt
= − (1− Pexp)β
N
IS − Pexpβ
N
ES (1)
dE
dt
=
(1− Pexp)β
N
IS +
Pexpβ
N
E − cE (2)
dI
dt
= cE − (γ + µ)I (3)
dR
dt
= γI (4)
dD
dt
= µI (5)
where γ and µ are given by
γ =
(1− IFR)
τr
(6)
µ =
IFR
τd
.
These equations are subjected to a set of initial conditions at t = 0; here we assume S(t = 0) = S0 ≈ N ,
E(t = 0) = E0, I(t = 0) = I0, R(t = 0) = 0 and D(t = 0) = 0. An important consideration taken into account by
the model is that the total population N is constant, which can be noted by summing equations (1) - (5) and noticing
that it equals to 0, therefore dN/dt = dS/dt+ dE/dt+ dI/dt+ dR/dt+ dD/dt = 0⇒ N = constant. From this
type of model we retrieve the basic reproduction number, from which we calculate the current infection reproduction
number using the current value for β instead of the natural value without intervention policies, for the SEIRD model
which was already derived in a previous work [15], where was made use of a method developed in [16], resulting in
R0 = Pexpβ [γ + (1− Pexp)β] + (1− Pexp)βc
c(γ + µ)
(7)
Another important quantity derived from the model and widely used to access the growth of the outbreak in a particular
region is the growth rate, given by
g = β − (γ + µ) (8)
which states the difference between new infections and new outcomes from previous infections.
2.1 Non-Pharmaceutical Intervention
The next issue treated by our model is the description of non-pharmaceutical interventions such as social isolation
and lockdown. We assume these actions alter the infection rate as time progresses; the core of the infection rate β
embeds the average daily contacts an individual has and the probability of being infected at each contact. Therefore, we
consider a time-variant β obeying a logistic behavior described by the following equation
β(t)
N
=
Predβi/N
1 + Γeb(t−tc)
+ (1− Pred)βi/N (9)
where Pred is the percentage of reduction suffered by β(t) as a result from the intervention, βi is the initial value β(t),
that is, the value β(t) would acquire without the intervention. Parameters tc, b and Γ are, respectively, the critical time
when the intervention starts, the control on how fast β decreases to the new value and a scale factor adjusted so the
decrease of β(t) starts at the given date; here we choose Γ = 0.01 and b = 1, with those parameters set the time taken
for β(t) do decrease the desirable amount represented by Pred would be approximately 10 days.
Considering this behavior we may represent the action of different non-pharmaceutical interventions based on their
effectiveness and starting date. We might also add more logistic functions with different parameters and different sign
for b, in such a way to predict the ending of a given intervention policy.
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3 Simulations
In order to simulate future scenarios and the actual tendency of Mozambique regarding the dynamics of the outbreak,
we used a Python code freely available at https://github.com/PedroHPCintra/COVID-Mozambique. Using the
non-linear least squares method, we fitted infected data constructed from the subtraction of the cumulative number
by the recoveries and deaths (I = CT −R−D, where CT is the cumulative total), from the fit we acquired values
of epidemiological parameter, allowing the acquisition of the growth rate g and the infection reproduction number
Rt. After fitting the data, we used the fitted parameters to simulate the future tendency of behavior, as well as future
scenarios developed in section 4.1.
For the fitting we decided to leave the parameters β, E0 and I0 free, while γ, µ, c, tc, Pred are given in table 1. The
major problem with fitting data at initial stages of the pandemic is the computational estimation of S0, which in our case
is approximated to the total population N . The mathematical model presumes a homogeneously distributed population
throughout the country, which is not a considerable reality, as shown in figure 2, thus, we cannot consider N as being the
total population of Mozambique; instead, N plays the role of an effective population, which is the equivalent population
of the country if the spatial distribution of people was indeed homogeneous.
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Figure 2: Demographic density of Mozambique. From the map it is possible to verify the higher demographic
concentration in the region of Nampula and Zambezia, as well as localized districts of higher population per Km2.
Aiming to solve this limitation, we ran several simulations using different fixed values of N , ranging from 0.01% of the
population of Cabo Delgado + Maputo + Nampula to 10%. The choice of these regions to represent the effective N of
Mozambique lies in the fact that they represent the vast majority of cases, that way, we approximate the population of
Mozambique to be fractions of the populations of Nampula, Cabo Delgado and Maputo. At each stage, the χ2 of the fit
was taken into account and, if it was lower than 0.98, the fit was discarded. In this way, we narrow the range of possible
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Ns that might describe this first pandemic wave. We discuss in more detail how N changes during the pandemic in
section 5.
Parameter Value Reference
IFR 0.5% [17]
c 5.1 days−1 [18, 19, 20, 21]
τr 10 days [22]
τd 18 days [23]
tc 8 days Local government decree
Pred 50% [24]
Pexp 44% [25]
Table 1: Parameters used for the simulation and the fitting of epidemiological data from Mozambique.
Later, when simulating the possible scenarios in section 4.1, we added a second logistic drop to β(t) starting at the
supposed date for a lockdown imposition, at the beginning of August. The drop decreased βi 20% more, that way
the total decrease suffered by βi would be 70%, which is consistent with the efficacy of decrease lockdowns acquire,
supposing that the decrease in Rt 1 or in the growth rate g is due to a decrease in the infection rate β [17]. Then, to
simulate faster or slower re-openings, we considered the scenarios where the infection rate grows as fast as it decreased
(fast re-opening) and the scenario where the infection rate grows 10 times slower than it decreased (slow re-opening);
that is done by changing the b parameter in a third logistic function with inverted sign at b, representing a increase,
instead of a drop.
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Figure 3: Representation of the temporal change in β(t) due to intervention policies. Here we use a sum of three logistic
curves with tcs corresponding to the date in which each policy is applied. The b parameter for the third logistic function,
representing the return to daily activities, was chosen to be -0.1, in contrast to b = 1 at the first two logistic curves.
1Rt represents the change R0 suffers due to intervention policies at the outbreak. While R0 is specific for each disease and
represents the spread without any intervention,Rt changes with time due to intervention policies.
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4 Results
When performing the fitting, the minimum value of N acceptable by the χ2 elimination was Nmin = 0.09% of the
population, while the largest value was Nmax = 0.5% of the population. We then performed fittings considering
N = 0.09%, 0.1%, 0.2%, 0.3%, 0.4% and 0.5% and βi = 0.4, I0 = 1 and E0 = 5 as a initial guess; βi was chosen
according to the observed value when fitting data from other countries with reliable data [26]. Our first adjustment of
the current data yielded βi = 0.31± 0.02, I0 = 2± 1 and E0 = 7± 5.
Having βi at hand, we calculated the range of g andRt in Mozambique, using the known international values for γ, µ,
c and Pexp given by table 1.
g = 0.25± 0.03 (10)
Rt = 1.29± 0.19 (11)
The results of the possible tendencies for the future behavior of the pandemic, according to the recent data, is shown at
figure 4.
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Figure 4: Predictions of possible behaviors of the outbreak taking into account the current data available. The color
gradient represents each N simulated, blue curve is the simulated scenario with N = 0.09%, cyan region represents
N = 0.1%, green N = 0.2%, yellow = N = 0.3% and so on. Infection peak is estimated to be between the final of
August and September, with a infection peak height between 1500 infections (on the best scenario) and 3800 (on the
worse scenario)
The current scenario predicted to Mozambique shows that the country might be close to an infection peak, given the
current tendency; however it is also possible for the infection curve to increase at least for two more months and reach
an infection peak close to 3500 cases, with a cumulative number of cases around 30000 after 400 days of pandemic.
4.1 Future Scenarios
After the adjustment, we considered some other possible scenarios for the future behavior of the outbreak. The first
was considering a national lockdown taking place at the beginning of August (Figure 5), the second was simulating a
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full re-opening of commerce, schools and daily life return in 10 days after the first day of August (Figure 6), the third
scenario was a slower re-opening, 10 times slower than the previous case (Figure 7). The aim when considering these
projections is to provide useful information for policy management when thinking about the future dynamics of the
pandemic crisis.
According to these projections the return to daily activities on August could increase the total number of COVID-19
infections at the peak 3.4 times, depending on the effective N , ranging from a 1.2 increase in peak height to 3.4. By the
other hand, a slower return, according to the consideration in which the infection rate β increases 10 times slower, could
provoke an increase of the peak number from 0 to 2.3. Finally, the lockdown may decrease the infection peak to 60% of
the current maximum tendency, which is represented by the red curve in figure 5. At the best scenario, represented by
the blue and cyan curves in figure 5, we see that the lockdown would not affect the peak height, however it would result
in a faster decrease of the infection curve after the peak.
As expected, a national lockdown cannot be held forever until the last infection registered due to economical costs. We
then, estimated 6 scenarios for duration of a lockdown and re-opening; corresponding to a lockdown for 30, 60 and 90
days and the same situation considering 30, 60 and 90 days of lockdown with a slow return to daily activities (Figures
8a to 8f).
The projections show that a slower re-opening might decrease the second peak height by 36%, considering a lockdown
that lasts 30 days, 29%, for 60 days duration, and 20% for a 90 days duration. On average, the gradual return to daily
life shows the potential to decrease the second wave intensity by 28%.
Considering the duration of the lockdown, the longer the duration time for the intervention, the lower the second peak is
after return.
5 Discussion
Our aim in this study is to evaluate the future dynamics of COVID-19 pandemic crisis in Mozambique. We have shown
that simulations predict over 200% increase of peak intensity if commercial activities and daily life returns to normal
in August, when compared to the tendency of cases. Moreover, lockdown policies and slower returns substantially
decrease the peak intensity.
The main limitation of our study is the effective population N susceptible to the disease. In the real situation, N
increases with time, as the disease progresses and the virus begging circulating in more interior regions. That behavior
could provoke an increase in the susceptible population, causing more abrupt peaks and creating a bigger number of
cumulative cases. Therefore, our estimations here should not be taken as a precise prediction regarding the numbers of
infections, instead, we draw different scenarios and show how different policies might change the infection curve, given
the recent data for Mozambique.
Another limitation lies on the data, which might be biased by a lower testing rate. However, to date, Mozambique
performed 31.7 tests for each positive case, on average, which is close to Spanish numbers according to the online
platform Ourworldindata (https://ourworldindata.org/coronavirus-testing). In countries known to have
acquired a accurate tracking of cases, such as Germany, South Korea and Australia, these numbers jump to 191.9, 201.5
and 196.8, respectively. By the other hand, countries known to have a poor accuracy in tracking of cases such as Brazil
and United States have 1.5 and 11.5 tests per confirmed case, respectively. We could estimated that Mozambique data
is not perfect and might lose some cases, provoking changes on the future of the pandemic, however it is not poorly
tracked.
The last limitation lies in the model and the algorithm itself; first, the model does not take into account infections caused
by contact infected surfaces, which is known to be a viable source of infection due to viral persistence at inanimate
surfaces [27]. Second, the algorithm used is simple and direct, but is susceptible to the nonidentifiability problem [28],
which arises in non statistical fitting methods. However this is not expected to change drastically the shape of the curve.
Our study also found a positive growth rate, indication of a continuous growth of cases in Mozambique. TheRt number
is however low, suggesting a slow increase of infection curve. However, due to the lower number of infections, to date,
Mozambique might still be on a stochastic limit of behavior, making the measurement ofRt imprecise, but not very
different from the value found here.
The infection curve might be close to the infection peak, considering the best scenario, however it is also possible to
observe a prolonged increase, as the worse scenario curves have shown. It is not possible to say which curve the country
will tend to follow, this mainly depends on the effective population in reach of the disease. Therefore, we highlight
that our study represents simple views of the real scenario and should not represent the precise future of Mozambique,
instead it should provide mere estimates for the possible behaviors.
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Figure 5: Predictions for the future behavior of the outbreak considering a lockdown with
indefinite duration starting at the beginning of August, that is, close to the 130th day after the
first case.
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Figure 6: Predictions for the future behavior of the out-
break considering a re-opening of schools and commerce
at the beginning of August, close to the 130th day after the
first case.
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Figure 7: Predictions for the future behavior of the out-
break considering a 10 times slower re-opening of schools
and commerce at the beginning of August, close to the
130th day after the first case.
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(a) Predictions considering a lockdown of 30 days
with a fast return to daily life.
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(b) Predictions considering a lockdown of 30 days
with a slow return to daily life.
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(c) Predictions considering a lockdown of 60 days
with a fast return to daily life.
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(d) Predictions considering a lockdown of 60 days
with a slow return to daily life.
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(e) Predictions considering a lockdown of 90 days
with a fast return to daily life.
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(f) Predictions considering a lockdown of 90 days
with a slow return to daily life.
Figure 8: The color gradient represents each N simulated, blue curve is the simulated scenario with N = 0.09%,
cyan region represents N = 0.1%, green N = 0.2%, yellow = N = 0.3% and so on. Figures 8a and 8b represent the
behavior for a lockdown lasting 30 days, taking place at the beggining of August, at the 130th day of pandemic. They
both represent the scenarios where the return to normal activies in commerce, schools and home isolation, is taken fast
(8a) and slow (8b). Figures 8c and 8d represent the same scenario, however with a longer duration for the lockdown; 60
days. Finally, figures 8e and 8f shows the final scenario where the lockdown lasts 90 days.
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